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Abstract
Many studies point out that there exists some tight correlations between
dark matter and baryonic matter at different radii in galaxies. However,
similar tight correlations can only be found in galaxy clusters for large radii.
Here we report extremely tight correlations between the gravitational mass
Mgrav and hot gas mass Mgas in galaxy clusters at the hot gas core radius
rc and at 2rc (i.e. Mgrav(rc) vs Mgas(rc) and Mgrav(2rc) vs Mgas(2rc)). By
using the X-ray data of 64 large galaxy clusters with different sizes and
masses, we find that the correlations can be described by a single relation
log(Mgrav/M⊙) = (0.74±0.02) log(Mgas/M⊙)+(4.47±0.23) for a wide range
of hot gas mass (1011M⊙−10
14M⊙). The corresponding correlation coefficient
and scatter are 0.97 and 0.10 dex respectively. This would be the first tight
correlation with very small scatter between the enclosed gravitational mass
and hot gas mass for galaxy clusters within intermediate radii (∼ 100−1000
kpc) and it provides a new kind of observational evidence to support the
universality of correlation between dark matter and baryons.
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1. Introduction
Many studies reveal some close connections between dark matter mass (or
gravitational mass) and baryonic mass in galaxies. For example, early obser-
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vations discovered a tight correlation between the luminosity (determined by
baryonic mass) and the stellar rotational velocity (affected by gravitational
mass). It is known as the Tully-Fisher relation [1, 2, 3]. This relation chal-
lenges the current models of galaxy formation and it does not agree with the
prediction from the cold dark matter (CDM) cosmology [3]. Besides, some
studies find that the combination of the contributions of dark matter and
baryons results in an almost flat rotation curve in many galaxies. It seems
that dark matter ‘cooperates’ with baryonic matter to achieve a flat galactic
rotation curve [4, 5]. Furthermore, the mass-discrepancy-acceleration (MDA)
relation [6], the central-surface-densities relation [7] and the radial accelera-
tion relation (RAR) [8, 9] in galaxies seem to indicate some tight correlations
between dark matter mass and baryonic mass. In particular, the RAR re-
veals a striking correlation between the acceleration observed (determined by
gravitational mass) and the distribution of baryons at every radius for 175
galaxies [8]. The resulting scatters are very small (≈ 0.13 dex) and largely
dominated by observational uncertainties. The RAR is a very important
discovery because it indicates a very general tight correlation between gravi-
tational mass and baryonic mass at different small and intermediate radii, not
just for large radii of galaxies. Although some studies can produce these rela-
tions based on the CDM model [10, 11, 12], some of the parameters involved
have to be adjusted to match the observed properties of galaxies. Therefore,
a satisfactory explanation is still required to account for the observed strong
coupling between dark matter and baryons.
Interestingly, these tight relations with small scatters have not been not
found explicitly at intermediate radii for galaxy clusters. In fact, many re-
lations have been discovered for galaxy clusters. For example, numerical
simulations have shown how hot gas fractions in galaxy clusters depend on
their redshifts, radii and total mass of galaxy clusters [13, 14]. Observations
have also obtained these relations [15, 16, 17, 14]. In particular, some cor-
relations between total gravitational mass and total hot gas mass of galaxy
clusters have been obtained [18, 19, 20, 21, 22, 23]. However, most of the
correlations obtained are considering the total gravitational mass at r500 ∼ 1
Mpc (r500 is the radius where the average mass density equals 500 times of
the cosmological critical density), but not the enclosed gravitational mass at
intermediate radii. Although some recent studies have examined the details
of galaxy clusters at intermediate radii (e.g. at r2500) [24, 25], the explicit
correlations between dark matter and baryonic matter at intermediate radii
have not been widely discussed to understand their potential coupling. Be-
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sides, some scaling relations relating gravitational mass and properties of hot
gas (e.g. luminosity, temperature or baryon fraction) in galaxy clusters have
been obtained [26, 27, 28, 29, 30, 31, 32]. However, most of the resulting
relations found quite depend on the types of galaxy clusters [27] and the
resulting scatters are pretty large.
In this article, we report a surprising discovery of a tight correlation
between the enclosed gravitational mass and hot gas mass of galaxy clusters
within 2 times of the hot gas core radius (intermediate radii r ∼ 100 −
1000 kpc) for a wide range of hot gas mass. We use the X-ray data of
64 large galaxy clusters (core radius ≥ 100 kpc) and calculate the enclosed
gravitational mass and hot gas mass at core radius rc and 2 times of the core
radius (2rc) for each of the galaxy clusters. We find a tight single power-law
correlation between them with a scatter as small as 0.10 dex and a correlation
coefficient = 0.97. In the followings, the cosmological model assumed is a
flat ΛCDM model with Hubble constant H0 = 68 km s
−1 Mpc−1, Ωm = 0.27
and ΩΛ = 0.73.
2. Method
The X-ray surface brightness distribution can be obtained precisely by
X-ray observations [33, 27]. The surface brightness profile can be described
by a β-model:
S(R) = S0
[
1 +
(
R
rc
)2]−3β+1/2
, (1)
where S0 is the central surface brightness, R is the projected radius, rc is
the core radius and β is a fitted parameter. This surface brightness profile
can be transformed to a number density profile which describes the number
density distribution of hot gas in a galaxy cluster:
n(r) = n0
[
1 +
(
r
rc
)2]−3β/2
, (2)
where n0 is the central number density. Assuming the hot gas is in hydrostatic
equilibrium, we get
dP (r)
dr
= −
GMgrav(r)mgn(r)
r2
, (3)
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where P (r) = n(r)kT is the hot gas pressure, T is the hot gas temperature,
Mgrav(r) is the gravitational mass profile and mg is the average mass of a hot
gas particle. By combining Eq. (2) and Eq. (3), we have
Mgrav(r) = −
kTr
Gµmp
(
−3β
r2
r2 + r2c
+
d lnT
d ln r
)
, (4)
where µ = 0.59 is the molecular weight and mp is proton mass. Some studies
have pointed out that the hydrostatic mass calculated may not be equal to the
cluster gravitational mass [34]. Simulations have also found this hydrostatic
bias at intermediate radii [35]. Although a recent study shows that the
X-ray hydrostatic mass measurements are remarkably robust and method-
independent [36], the hydrostatic bias in galaxy clusters seems to be non-
negligible. This will contribute some systematic uncertainty in the analysis
(∼ 15 − 20%) [35]. Furthermore, recent studies show that the hydrostatic
bias is mass-dependent and the hydrostatic mass is a scattered proxy of the
real cluster gravitational mass [24]. For Mgrav ≥ 5× 10
14M⊙, the systematic
bias could be as large as 40% [24]. However, as shown later, the objective of
our study is not going to examine the accurate quantified relation between
the hot gas mass and the gravitational mass, but the potential correlation
between them. The systematic deviation between hydrostatic mass and the
real gravitational mass might slightly affect the scatter in the correlation.
Nevertheless, the systematic deviation will not reproduce a tight correlation
if they are not indeed correlated.
We consider the gravitational mass at two different positions (at r = rc
and r = 2rc) to examine the behavior of Mgrav in different regions (central
and outer regions of hot gas) respectively. Generally speaking, the core radius
rc characterizes the transition of the radius dependence of the gravitational
mass and hot gas density functions. It also defines the sizes of hot gas and
dark matter halo of a galaxy cluster. Therefore, we use rc as a reference
position. Moreover, it can be justified that r = rc and r = 2rc are robust
positions to do the analysis. First, there are several galaxy clusters which
have 2rc < r500 < 3rc [27]. Therefore, choosing too large r (e.g. r ≥
3rc) would probably outweigh the effective radius of these galaxy clusters.
Also, the systematic uncertainties of the surface brightness profile would be
significant if we consider too large r. For small r, we choose r = rc because
it characterizes the gravitational mass within a ‘cored region’ of a galaxy
cluster. Besides, the uncertainties of T would be significant if r is too small.
For example, the uncertainties of T for r < rc are quite large in the Perseus
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cluster [37]. Therefore, considering the gravitational mass and hot gas mass
at r = rc and r = 2rc can minimize the systematic uncertainties and almost
represent the enclosed mass within a major part of a galaxy cluster.
The temperature profile for a galaxy cluster is almost constant, except
for the central regions of cool-core clusters [38, 39]. The temperature change
in the outer regions (rc ≤ r ≤ 0.5r500) is less than 15% [40, 41]. Therefore,
we set d lnT/d ln r = 0 for all non-cool-core clusters. The systematic un-
certainty for this assumption is less than 15% [39]. For cool-core clusters,
although observations indicate that the slopes of their central temperature
profiles are quite universal and close to a constant d lnT/d ln r ≈ 0.4 [38], the
temperature profiles for individual clusters may still have difference. Some
studies point out that the central temperature of the cool-core clusters is
approximately half of the bulk component temperature [42, 27]. However,
the uncertainty is still large if we take this approximation. In the following
analysis, we are going to consider the gravitational mass within 2 times of
the core radius (r ≤ 2rc). Since the rise of hot gas temperature in a cool-
core cluster mainly occurs in the central region, we take d lnT/d ln r = 0 at
r = 2rc for the cool-core clusters and we neglect the data for the 12 cool-core
clusters at r = rc. In other words, for our 64 sample clusters (see below), we
consider the gravitational mass of 52 non-cool-core clusters at both r = rc
and r = 2rc, and 12 cool-core clusters at r = 2rc only. The temperature
profiles are all taken as constant T = Th, where Th is the temperature of
the bulk component [27]. As a result, the gravitational mass Mgrav(rc) and
Mgrav(2rc) depends on the values of β, T and rc only.
On the other hand, we can calculate the hot gas mass profile by integrat-
ing Eq. (2):
Mgas(r) = mgn0
∫ r
0
4pir′2
(
1 +
r′2
r2c
)−3β/2
dr′. (5)
The above equation can be simplified to Mgas(r) = 4pimgn0r
3
cI(β, x), where
I(β, x) =
∫ x
0
x′2(1 + x′2)−3β/2dx′ with x = r/rc. The integral I(β, x) for β =
0.4 − 1.0 at r = rc (x = 1) and r = 2rc (x = 2) can be approximately given
by I(β, 1) = 0.1764β−0.4119 and log I(β, 2) = −0.9348(log β)2−1.352 log(β)−
0.2624. Therefore, the baryonic mass Mgas(rc) and Mgas(2rc) depends on the
values of n0, β and rc only.
5
3. Result
We use a sample of low-redshift (z = 0.0037 − 0.2) galaxy clusters (the
extended HIFLUGCS, altogether 106 galaxy clusters) in [27] to perform the
analysis. To minimize the systematic uncertainties, we only choose 64 large
galaxy clusters (rc ≥ 100 kpc). These clusters include cool-core and non-
cool-core clusters with a wide range of masses (∼ 2×1013M⊙−4×10
15M⊙),
temperature (T ∼ 1− 10 keV) and sizes (r500 ∼ 0.8− 2.9 Mpc). We neglect
small galaxy clusters (rc < 100 kpc) because many of them are dominated
by the bright cluster galaxies (BCGs), which may induce large systematic
uncertainties in gravitational mass determination. One may argue that the
X-ray flux limited samples in HIFLUGCS may preferentially include core-
luminous clusters (the cool-core bias) [43], which has selection effects to affect
the results. This would also lead to the so-called Malmquist-Eddington bias
which makes our results less representative [44]. However, as mentioned
above, only 12 cool-core clusters (∼ 20%) are included in our sample, which
is close to the fraction of cool-core clusters (29 ± 4%) investigated in the
Planck sample [43]. The observational data used in this study are based on
ROSAT and ASCA observations, which may have poor angular resolution
in the inner regions. This is also the reason why we consider large galaxy
clusters (rc ≥ 100 kpc) and investigate the correlations in the intermediate
radii. The effects of bias due to this problem would be much alleviated.
Among these 64 clusters, 27 hot gas profiles are better fitted with a
double-β model [27]. Nevertheless, the reduced χ2 values of using the single-
β model and the double-β model are close to each other for these 27 clusters.
Only one cluster (A3558) has the reduced χ2 value greater than 3 for the
single-β model [27]. Note that the data quality used in [27] is not very high
so that some systematic errors are introduced when the fits are performed
over large radii. Although using the single-β model may introduce some sys-
tematic errors, we have to use the single core radii rc as reference radii of
our sample clusters for consistency (two core radii appeared in the double-β
model for each cluster). Furthermore, recent studies show that the flux in
the outskirts is systematically under-predicted by using a single-β model [45].
This problem is more severe for strong cool-core clusters. However, for non-
cool-core or weak-cool-core clusters, the accuracy of the flux in the outskirts
stays at the ∼ 4% level for these clusters [45]. In our 64 sample clusters,
we have only 12 cool-core clusters and only 4 of them are strong cool-core
clusters. Also, we only consider up to r = 2rc, which is not very outskirt
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region. Therefore, we still follow the single-β model to perform the analysis
and the systematic errors of using the single-β model for the 27 clusters have
to be considered.
Putting the fitted parameters n0, β, rc and T with uncertainties in [27]
into Eq. (4) and Eq. (5), we can get the gravitational mass and baryonic mass
at rc and 2rc for each of the galaxy clusters. Note that the parameters fitted
in [27] have assumed the Hubble parameter h = 0.5. We have re-scaled the
parameters to match the current value h = 0.68 [46]. By plotting logMgrav
against logMgas at r = rc and r = 2rc respectively, surprisingly they lie on
the same nearly perfect straight line (see Fig. 1):
log
(
Mgrav
M⊙
)
= (0.74± 0.02) log
(
Mgas
M⊙
)
+ (4.47± 0.23). (6)
This tight correlation has not been discovered previously. It is the first tight
correlation for a wide range of enclosed hot gas mass (1011M⊙−10
14M⊙) that
systematically describes the mass relation between dark matter and hot gas
mass in a large sample of galaxy clusters at intermediate radii (∼ 100−1000
kpc). Previous correlations obtained are usually with large uncertainties
and they are only valid for a small range of hot gas mass at large radii
(∼ 1013M⊙ − 10
14M⊙) [18, 19, 20, 21, 22, 23]. Four galaxy clusters in our
sample have relatively high redshift z = 0.1 − 0.2 and we have found no
special redshift trend in the correlation, though the size of this sub-sample
is very small. Fig. 2 shows the distribution of the residuals and it is well
described by a Gaussian function of width σ = 0.09 dex. The resulting root-
mean-square scatter and the correlation coefficient are 0.10 dex and 0.97
respectively, which indicates a very strong correlation between Mgrav and
Mgas for a wide range of gravitational mass. The total expected scatter is
0.14 dex (see Table 1), which means nearly no room for intrinsic scatter.
Here, the expected scatter mainly comes from the uncertainties of measure-
ment presented in [27]. For instance, the uncertainties of T originate from
median X-ray luminosity observations and the uncertainties of β, rc and n0
originate from the fitting of X-ray surface brightness profiles. Therefore, the
uncertainties of the parameters do not have strong correlations and the error
bars in Fig. 1 reflect these uncertainties. Besides the measurement errors, we
also include the maximum possible systematic uncertainties of d lnT/d ln r in
the calculations of the expected scatter. Nevertheless, as mentioned above,
the bias in our sample selection and the involved systematic uncertainties are
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not completely negligible so that the existence of the intrinsic scatter in the
sample is still possible.
In most of the galaxy clusters, the intergalactic hot gas mass dominates
the baryonic mass [47]. Generally speaking, the total intergalactic hot gas
mass is about 5-10 times larger than the total stellar mass in galaxies inside
a galaxy cluster [30]. Therefore, the spherical hot gas component in a galaxy
cluster can almost represent the total baryonic mass. Apart from the possible
unknown interplay between dark matter and baryons, the correlation can
be explained by two possible natural explanations: 1. it is related to the
cosmological baryon fraction (f = Mgas/Mgrav ∼ 0.16); 2. the correlation
is caused by standard gravitation. In Fig. 3, we plot the baryon fraction
f against Mgas and we can see that this ratio is not a constant. Based on
our fitted empirical relation, we get f ∝ M0.26gas . In particular, the cored
regions (at rc) of many galaxy clusters are much dominated by dark matter
(f ≤ 0.1). This is expected because the effects of feedback might be easier
to push gas out to larger radius. However, for outer radii, the values of f
is larger and approach to the cosmological baryon fraction. Therefore, the
values of f are varying in different positions and it is difficult to explain the
entire correlation for a wide range of Mgas by relating it to a single value of
the cosmological baryon fraction.
For the second explanation, we try to reproduce the empirical correlation
using the standard CDM model. Using the Navarro-Frenk-White (NFW)
dark matter density profile predicted from CDM simulations [48] and follow-
ing Eqs. (3) and (5) (assuming constant T ∼ 3 − 8 keV), we can determine
Mgas and Mgrav separately at different radii. By randomly choosing some
values of n0, scale radius rs = 100 − 500 kpc and constraining f = 0.16
at 1 Mpc, we can get a relation between Mgrav and Mgas at two different
radii (100 kpc and 500 kpc) (see Fig. 1). The resultant power-law fitted is
Mgrav ∝ M
0.53
gas , which is somewhat deviated from our empirical correlation.
The root-mean-square scatter is 0.24 dex, which is much larger than the scat-
ter of the empirical correlation. The actual scatter would be much larger if
we release the constraint of f at 1 Mpc (the actual range of f at 1 Mpc can
be as large as 0.05-0.2; see Fig. 3). We also model the dark matter density
profile by the Einasto profile, which is believed to be compatible with the
CDM model [49]. Using similar parameters and constraints, we get a power
law Mgrav ∝M
0.59
gas with a scatter 0.25 dex (see Fig. 1), which is close to that
obtained by using the NFW profile. Therefore, by comparing the power laws
and the scatters, the explanation of the obtained correlation using standard
8
Table 1: Scatter budget for the correlation.
Source Residual
Errors in T 0.08 dex
Errors in rc 0.08 dex
Errors in β 0.06 dex
Errors in n0 0.06 dex
Total 0.14 dex
CDM model is not favoured.
As mentioned above, many studies have examined the correlation be-
tween the total gravitational mass (M500 = Mgrav(r500)) and total hot gas
mass [18, 19, 20, 22, 23]. Some studies also discuss the relation between
baryon fraction and total gravitational mass, which are equivalent toM500 ∝
M0.74±0.05gas [50] and M500 ∝ M
0.88±0.13
gas [30]. These studies consider the grav-
itational mass and hot gas mass at a very large radius r500, which represent
the total gravitational mass and total hot gas mass respectively. Therefore,
the correlations are analogous to the Tully-Fisher relation in galaxies, but
not the RAR. However, since it is quite hard to determine the actual radius
of a galaxy cluster, the resulting uncertainties of the total gravitational mass
determination are usually very large and the correlation between the total
gravitational mass and total hot gas mass is somewhat weaker and less robust.
We use the data in [27] and plot M500 againstMgas for our 64 sample clusters
(see Fig. 4). The resulting correlation M500 ∝ M
0.73±0.05
gas is very close to the
correlation at intermediate radii. The resulting scatter is 0.15 dex and the
correlation coefficient is 0.88. Therefore, the correlation at intermediate radii
has a smaller scatter and a larger correlation coefficient than that at r500.
This is an interesting result because the correlation at smaller radii should be
more affected by astrophysical processes like mergers. Therefore, our study
focusing on the correlation between the enclosed gravitational mass and hot
gas mass at intermediate radii can give a new picture for us to understand
the interplay between dark matter and baryons in galaxy clusters.
Another study applies weak lensing to determine the gravitational mass
at a fixed radius 1 Mpc for 50 galaxy clusters [21]. The relation obtained
is Mgrav ∝ M
0.82±0.15
gas . However, considering a fixed radius is a good choice
for very large galaxy clusters only. Based on the galaxy cluster sample we
considered, 13 of them have r500 ≤ 1 Mpc and some of them even have
r500 ≤ 0.7 Mpc. Therefore, they are the reasons why we consider the enclosed
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Figure 1: The data points (total 116) with error bars indicate the relations of Mgrav and
Mgas for 64 galaxy clusters (black: at r = rc; red: at r = 2rc) [27]. The green solid line
is the best-fit straight line log(Mgrav/M⊙) = 0.74 log(Mgas/M⊙) + 4.47. The two green
dotted lines indicate the 1σ limits for the best-fit line. The blue circles and orange squares
represent the data predicted by the CDM model, using the NFW profile and the Einasto
profile, respectively.
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Figure 2: The distribution of the residuals of logMgrav (indicated by circles). The red line
is the Gaussian fit of the distribution with σ = 0.09 dex.
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Figure 3: The graph of f against Mgas (black: at r = rc; red: at r = 2rc). The green
dotted line represents the cosmological baryon fraction f = 0.16.
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Figure 4: The black data points with error bars indicate the relations of M500 and Mgas
(at r500) for the 64 sample galaxy clusters [27]. The green solid line is the best-fit straight
line for the correlation at intermediate radii log(Mgrav/M⊙) = 0.74 log(Mgas/M⊙) + 4.47.
The two green dotted lines indicate the 1σ limits for the best-fit line.
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Figure 5: A similar plot of Fig. 1 for the correlation. The blue squares and the orange
solid line represent the correlation between baryonic and gravitational masses of different
cosmic structures [51]. The orange dotted lines indicate the 1σ limits for the correlation.
Here, we assume that Mgas represents the baryonic mass Mbar.
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Figure 6: The correlation between n0 and rc. The scatter of the correlation is 0.27 dex.
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gravitational mass at rc and 2rc rather than at r = r500 or a fixed radius.
Generally speaking, our result Mgrav ∝ M
0.74±0.02
gas agrees with the previous
findings and it gives a much tighter correlation.
We also compare our result with the study in [51], which presents a corre-
lation between baryonic and gravitational masses of cosmic structures span-
ning a dozen decades in detected baryonic mass (including dwarf galaxies,
spiral galaxies and galaxy clusters) (see Fig. 5). The correlation can be best
described by a power law Mgrav ∝ M
0.78±0.01
bar with a scatter 0.09 dex. By
assuming the hot gas mass representing the baryonic mass, we can see that
our power-law correlation gives an excellent agreement within the errors with
the previous obtained correlation. Since most of the galaxy clusters in our
sample are large and massive (M500 ≥ 10
14M⊙), the total stellar mass con-
tributes only less than 20% of the total baryonic mass [30, 50]. Therefore, the
assumption Mgas ≈Mbar is quite good. It seems that there exists a universal
relation between baryonic mass and gravitational masses for different cosmic
structures, from dwarf galaxies to galaxy clusters.
4. Discussion
Previous studies were not aware of the tight correlation between the en-
closed gravitational (or dark matter) mass and hot gas mass in galaxy clusters
at intermediate radii (r ∼ 100−1000 kpc). Some studies investigate the rela-
tion between the total gravitational mass and total hot gas mass (or baryonic
fraction) of galaxy clusters [18, 19, 20, 21, 50, 30, 22, 23]. However, most
of the studies are focusing at large radii only. The recent studies about the
details of galaxy clusters at r2500 did not explicitly discuss the potential cor-
relation [24, 25]. Also, the rough relations r2500 ∼ 0.4r500 and r500 ∼ 5rc give
r2500 ∼ 2rc, which are focusing at relatively larger intermediate radii only.
In our analysis, we focus on the enclosed gravitational mass at two different
intermediate radii rather than the total gravitational mass. In particular,
we need not assume any universal dark matter density profile or cut-off ra-
dius to find the gravitational mass. We have used the hydrostatic equation
to calculate the mass profile. Although it may include 15-20% systematic
uncertainty, it involves the smallest number of free parameters so that the
resultant correlations would be more reliable. Besides, we have followed the
single-β model, selected larger galaxy clusters and used constant tempera-
ture profile to perform the analysis. Generally speaking, these assumptions
may potentially lower the scatter of the correlations. Nevertheless, in or-
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der to avoid too many parameters involved, we have decided to make these
assumptions. Fortunately, the involved uncertainties are not very significant.
The sample clusters considered here may not be the most representative
because the analysis originates from a somewhat lower angular resolution
data. Also, some systematic bias might be involved because of choosing large
galaxy clusters and using the single-β model in the analysis. Nevertheless,
as mentioned above, the objective of our study is to examine the potential
correlation between the hot gas mass and the gravitational mass, but not
the accurate quantified relation between them. The systematic deviation
between them might slightly affect the scatter in the correlation. On the other
hand, recent study shows that the masses of hot gas and stars within dark
matter halos of fixed total mass in high mass systems are anti-correlated [52].
This means that it would be better to investigate the correlation between the
total mass and the total baryonic mass (hot gas and stellar mass). Further
studies in this direction are required to understand the potential interplay
between baryonic matter and dark matter.
Recently, the RAR in galaxies reveal a surprising close relation with small
scatter between dark matter and baryonic matter from baryon-dominated
(f ≈ 1) to dark-matter-dominated regions (f ≈ 0.09) [8]. In our analysis,
although most galaxy clusters do not have baryon-dominated regions, the
correlation spans from f ≈ 0.02 to f ≈ 0.2, which can be viewed as a
close analogy to the RAR. The close connections between dark matter and
baryonic matter in galaxies have been discussed for a few decades [1, 2, 3,
4, 5, 6, 7, 8, 9]. As seen in Fig. 5, our power-law correlation also gives
an excellent agreement with the correlation between gravitational mass and
baryonic mass for various cosmic structures (from dwarf galaxies to galaxy
clusters). It is the first time to recognize that such a tight correlation with
small scatter also exists in galaxy clusters at intermediate radii and it also
agrees with the correlation using the total gravitational and baryonic masses.
It provides a new kind of observational evidence to support the universality
of correlation between dark matter and baryons.
Although the gravitational mass and baryonic mass calculated are depen-
dent on the fitted parameters T , rc, β and n0, these parameters are indepen-
dent of each other when they are fitted empirically from X-ray observations.
One may argue that the parameters β, n0 and rc measured in a single fitting
procedure of X-ray data might be strongly correlated. However, previous
studies obtain β ∝ r
0.11+0.03
−0.02
c and T ∝ r
0.03+0.05
−0.07
c [26], which do not show strong
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and tight correlations among these parameters. We also plot the relation be-
tween n0 and rc in Fig. 6. The correlation is weak and the scatter is 0.27 dex.
Since the variation of β in our sample clusters is not large (β = 0.71± 0.14),
the correlation between n0 and rc should be strong if there exists any connec-
tion between β, n0 and rc. This means that the intrinsic correlation among
these three parameters is not strong. Although some strong relationships
such as the M500 − T relation [40] and Mgas − T relation [53, 54] may indi-
cate potential degeneracies among different parameters, these relationships
do not necessarily imply there are strong intrinsic correlation among different
parameters. For example, the strong relation of M500 and T originates from
the arbitrary cut-off radii r500. SinceM500 ∝ βTr500 and the definition of r500
gives r500 ∝ (βT )
1/2, we can easily obtainM500 ∝ T
3/2 due to the small range
of β. However, since we are not focusing on the total gravitational mass, but
the enclosed gravitational mass at different intermediate radii, the alleged
degeneracies of parameters due to this linkage are significantly weakened as
no r500 is involved. Moreover, the enclosed gravitational mass and baryonic
mass at intermediate radii depend on different independent parameters (e.g.
Mgrav depends on T while Mgas depends on n0). The strong relation between
M500 and T does not have any implication on the correlation. It is true that
the correlation between Mgas and T is very tight (Mgas ∝ T
2 with scatter
= 0.10 dex). However, this relation would give n0r
3
c ∝ T
2 (based on small
variation of β), but not the Mgrav −Mgas correlation. The Mgrav −Mgas cor-
relation would imply something like T ∝ n0r
2
c . As shown above, the relation
between T and rc is very weak. If the Mgrav −Mgas correlation is derived
fromMgas−T relation, then the resulting scatter should be much larger than
0.10 dex. Therefore, our result of low scatter correlation may require some
other explanations.
Besides, the potential correlations among the errors of the parameters
may also contribute some effects in our analysis. The errors of the parameters
(β, rc and n0) in the single-β model are somewhat correlated. For instance,
the percentage error of β increases with that of rc and n0. These potential
correlations among the parameters’ errors would affect the scatter budget
calculated in Table 1. However, these potential correlations might originate
from systematic reasons like fittings of the parameters or uncertainties in
observations. Since it is difficult to differentiate and quantify the intrinsic
correlations among the errors from the observed potential correlations, we
did not account for this effect in our calculations. Due to the potential
correlations of the parameters’ errors, the total expected scatter calculated
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in Table 1 might be slightly overestimated.
Based on the above arguments, the close connection among these param-
eters may reveal some kind of interplay between dark matter and baryonic
matter during the structure formation. However, based on the CDM model,
neither cosmological baryon fraction nor standard gravitation can satisfac-
torily explain the empirical power-law correlation and its low scatter. The
deviation in the dark-matter-dominated regime suggests that baryons might
be able to alter the distribution of dark matter. Recent simulations sug-
gest that baryonic processes such as feedbacks from supernovae can alter the
dark matter density to form core-like structures [55, 56]. However, these
processes might be significant in galaxies, but not in galaxy clusters because
the amount of baryons is quite insignificant (f ∼ 0.1) to affect the grav-
itational potential and the baryonic feedbacks in the intergalactic hot gas
medium are nearly negligible. Some numerical simulations show that strong
baryonic feedbacks such as AGN feedback may be able to alter the hot gas
structure as well as the dark matter distribution [57, 54]. However, whether
dark matter could be rigorously controlled by the much smaller amount of
normal matter is still controversial [58]. Therefore, it is still possible that
some ‘dark sector’ physics characterizes the interplay between dark matter
and baryonic matter.
In fact, recent studies suggest that dark matter-baryon interaction can
explain the excess absorption of the 21-cm signal at cosmic dawn [59, 60].
Some studies also suggest that dark matter-baryon interaction can explain
the observed MDA relation [61] and the relation between dark matter den-
sity and disk length scales [62, 63]. It seems that the possible interactions
between dark matter and baryons might be able to account for the close
connection between gravitational mass and hot gas mass for both galaxies
and galaxy clusters. Moreover, some recent studies apply modified gravity
or modified Newtonian dynamics (MOND) to explain the one-to-one corre-
spondence between dark matter and baryons in galaxies without the help of
dark matter [64, 65]. The existence of a new dynamical law rather than dark
matter may also be a viable way to explain the tight correlation.
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